The Upper Jurassic Arab Formation, onshore southern UAE, comprises an upward-shallowing succession of slope to basinal wackestones (lower Arab D Member) oolitic grainstone (upper Arab D Member) and peritidal -subtidal carbonate-evaporites (Arab A-C Members). This study focuses on the upper Arab D Member, the volumetrically most important reservoir unit in the field, which is dominated by oolitic and skeletal oolitic grainstones with high porosity and moderate to low permeability. Through much of the upper Arab D Member, porosity has been inverted so that ooids are porous and interparticle macropores cemented by pre-compactional non-ferroan calcite. Cementation is most pervasive within cross-bedded skeletal oolitic grainstones, occluding primary interparticle macropores and biomoulds and penetrating the margins of altered ooids. In contrast, bioturbated pack-grainstones are often only partially cemented, and retain a well-connected primary interparticle macropore network.
Introduction
Carbonate sedimentation in the Upper Jurassic (Kimmeridgian to Tithonian) took place on a shallow water platform across the eastern Arabian Plate (Lindsey et al, 2006 ; Figure 1 ). This study is focused on the upper part of the Kimmeridgian Arab D Member (Azer and Peebles, 1998;  Figure 2 ) in a giant onshore gas field, southern UAE. The field is a NE-SW trending, 70km long faulted anticline that formed during WNW-ESE compression in the Upper Cretaceous (Figure 1) . The field was discovered in 1966 but was not exploited until recently because of the high concentrations of H 2 S and CO 2 . Appraisal and development drilling has taken place since 2010 and the field came onstream in 2015. This paper focuses on how diagenetic modification of the upper Arab D Member influenced the generation and preservation of porosity. As well as being one of the first detailed diagenetic studies of the Arab D Member onshore UAE it also provides insight into how pore structure can be changed during closed system diagenesis, resulting in a net reorganization of porosity that reduced both pore size and permeability.
Prior to diagenesis, oolitic grainstones have the best reservoir potential of any carbonate sediments, since their clean texture and rounded grains facilitate ineffective packing, and hence preservation of large, well connected, primary interparticle macropores. As such, they are important reservoirs globally, particularly in the Permo-Trias (Khuff Formation; Inselaco et al., 2006) , Jurassic (Smackover Formation; Moore and Druckman, 1981; Great Oolite Formation, eg. Sellwood et al.,1989; Arab Formation, Cantrell, 2006) and Lower Cretaceous (Davies et al., 2000) . The structure and connectivity of the pore network within these reservoirs varies widely, however, from highly effective primary interparticle porosity (eg. Davies et al., 2000) to oomouldic porosity (Moore and Druckman, 1981) , mixed macro-and microporous (Lucia et al., 2001; Cantrell and Haggerty, 1999) to low porosity and pervasively cemented (Heydari, 2003; Sellwood et al., 1989) . A number of these studies identify coarser grain size (Lucia et al., 2001; Heydari, 2003) , partial cementation (eg. Heydari, 2003) and hydrocarbon emplacement (eg. Sellwood et al., 1989; Heasley et al., 2000) as important controls on pore volume and connectivity.
Porosity inversion refers to the process whereby grain dissolution and cementation of interparticle macroporosity creates a poorly connected network of secondary intraparticle and mouldic porosity. It has been described from Recent sediments (Eberli et al., 2003) , and so is known to occur early in the burial history. The petrophysical impact of this porosity inversion has been widely described, since the poor connectivity of oo-mouldic pores means there is potential to underpredict pore volumes from velocity data, including during seismic inversion, and to overestimate permeability from porosity data (eg. Eberli et al., 2003; Weger et al., 2009 ). The mechanism for forming such porosity is not well understood, however, even though this is critical to prediction of the spatial and temporal distribution of pore type and connectivity. In particular, grain dissolution or recrystallization, and concomitant occlusion of interparticle porosity, early in the burial history will reduce permeability, thereby inhibiting the subsequent flux of reactive fluids and changing diagenetic pathways.
Tectonostratigraphic Setting
The Arabian Plate was a passive margin during the Upper Jurassic. The study area is located on the southern margin of the plate, to the south of an intra-shelf basin that extended from present day Qatar to southeastern UAE (Ziegler 2001 , Sharland et al., 2001 . Carbonate sedimentation dominated the Arabian Plate throughout the Mesozoic, with periodic dessication of intrashelf basins during arid periods (Triassic and Jurassic) and clastic incursions from fluvial-deltaic systems sourced from the Arabian Shield during as humidity increased in the Cretaceous (Sharland et al., 2001 ; Figure 1 ). In the Upper Jurassic, there was a template of moderate to low energy carbonate and evaporite deposition under shallow subtidal and peritidal conditions, with an overall upward-shallowing as part of the second-order, AP7 tectono-stratigraphic megasequence of Sharland et al (2001) (Figure 2) .
The stratigraphic age of the Arab Formation onshore UAE is not well-constrained, so it is considered in this study to be equivalent to that for offshore UAE, Qatar and Saudi Arabia. Here, the Arab Formation comprises four carbonate-evaporite units, designated as the Arab D (Kimmeridgian) to A (Tithonian)
Members (Azer & Peebles, 1998 ; Figure 2 ). The Arab Formation within the studied field has moderate dips (5-15º) and is bounded by reverse faults and flexures (Johnson et al., 2005) . The Lower Arab D Member comprises mudstones, wackestones and skeletal rudstones deposited in a low energy, moderately deep slope-basinal, subtidal setting. The upper Arab D Member is dominated by skeletal oolitic grainstones deposited within a moderate to high energy tidal setting, whilst the Arab C -A Members comprise partially dolomitized fine grained peritidal carbonates capped by anhydrites ( Figure   1 ). In the latest Tithonian, basin dessication led to precipitation of the Hith Anhydrite Formation, which forms a regional topseal (Al Silwadi et al., 1996; Ziegler, 2001 : Figure 2 ).
The burial history of the field is not well constrained; maximum burial probably did not exceed 2km, prior to hydrocarbon migration and trapping that occurred in response to regional compression at the end of the Cretaceous -early Tertiary. This so-called First Alpine Event was associated with emplacement of the Semail Ophiolite complex, and was succeed by the Second Alpine Event in the Oligo-Miocene, resulting from closure of neo-Tethys and the onset of the Alpine Orogeny (Loosveld et al., 1996) . In this field, oil charge is thought to have occurred in the late Cretaceous, followed by tectonic tilting to the north-east. The structure was then uplifted and reburied, prior to a second uplift event, where it was tilted and gas charged in the Oligo-Miocene.
Depositional framework
A depositional model and sequence stratigraphic framework for the Upper Arab D Member was presented by Lawrence et al (2015) and is summarized in Table 1 , Figure 1C and Figure 3 . Overall, six facies associations are interpreted to have been deposited along a south west-north east dipping, platform to basin transect from a shallow water, low energy lagoon fringed by ooid grainstone shoals and offshore slope and basinal peloidal skeletal pack-wackestones and lime mudstones.
The base of the upper Arab D Member (Lower Sequence Boundary, LSB) comprises a dolomitised lime mudstone that is <3 m thick and capped by dolomitised reworked, bored, centimetre-scale dolomite clasts. The LSB is best developed in the southwest of the field and becomes more subtle to the northeast. Above the LSB, trough cross-bedded grainstones in the south-west pass laterally into planar laminated molluscan pack-grainstone (PGml; offshore active shoal) then basinal lime mudstone (Ml) to the far north-east, suggesting that the platform dipped to the north-east. The upper part of this layer is characterized by a fieldwide blanket of peloidal packstone (foreshoal/slope) with a thin layer of basinal lime mudstone containing diffuse dark grey to black clay. Based on this, and an associated increase in gamma ray response, the interval is interpreted as a Maximum Flooding Zone (MFZ; Figure 2 ). This paper will focus on the succession above the MFZ, which is the main reservoir unit within the study field.
Above the MFZ, peloidal packstones (Pp) grade upwards into oolitic grainstone-dominated facies with trough cross-bedding (Got). The grainstones are thickest in the north eastern wells, whilst planar laminated oolitic skeletal grainstone facies (Gol) dominate in the southwest. Low angle lamination and accretion surfaces show southwest to westerly dips over most of the field with some dips to the northwest in the south (Lawrence et al., 2015) . This suggests a tide-dominated, NW-SE trending shoreline protecting a back-barrier lagoon. The succession passes upward into stacked, subtly upwardfining beds of Facies Association Got, often with erosive bases, that host pebble-grade clasts and skeletal debris. A range of dip orientations suggests an active shoal dominated the entire area, comprising a network of parabolic bar forms which were dissected by tidal channels. The uniformity of facies across the field implies that carbonate productivity kept up with sea level, and there was no variation in topographic relief. At the top of the Upper Arab D Member, there is a transition from Facies Association Gol to PGob, suggesting slightly lower energy conditions, most likely within a shallow water lagoon. The sediments occur across the entire field, increasing in thickness from around 2m in the southwest to 6 m in northeasterly wells. The layer is capped by an irregular surface that is characterised by intercalations of green clay and sub-angular to rounded pebble-grade clasts of peloidal oolitic grainstone, peloidal packstone and lime mudstone. This surface is interpreted as an emergent surface and is referred to as the Upper Sequence Boundary (USB) (Lawrence et al. 2015 ; Figure 2 ).
Methods
The database for this study included ten cored wells (Wells A-J), with approximately 1300m of core that were supplemented by routine wireline logs and high-resolution resistivity image logs. Cores were logged in detail at 1:50 scale and sampled for petrographical analysis. Core plugs were taken every 30 cm for routine porosity and permeability measurements.
Standard 30 micron-thick thin sections were prepared with a blue-dyed resin impregnation to show porosity and stained with Alizarin Red and Potassium Ferrocyanide according to the method of Dickson (1966), a subset of which (90 samples) were point counted. This modal analysis was undertaken using an automated stage by counting 300 points (grains, authigenic phases and porosity) using an orthogonal grid system. The distance between points was variable and dependent on the thin-section area; the main criterion was to analyse most of the thin-section in 300 equally spaced points. In addition over 200 standard and 35 large format 40 micron thick polished sections were prepared for examination under cathodoluminescence (CL). Polished thin sections were examined under CL using a Citl 8200 mark 2, with a voltage between 6-8 volts and a gun potential of 15 kV. The cathode current varied between 250µA and 350 µA. Scanning electron microscopy was conducted on carbon coated large format polished sections using a JEOL JSM-6400 SEM with Princeton Gamma Tech EDX system in backscatter mode at a pressure of 3.7e-6 mBar, 15Kv and with a beam size of 5µm.
Bulk trace element analysis for major ions (Mn, Fe, Mg, Ca, Sr) was conducted on hand-drilled samples, microsampled using a dentist drill. One hundred milligrams of sample were placed into reaction vessels, dissolved in 5ml of 20% HCl and left to react overnight. A further 5ml of distilled water was then added and left to react overnight before a final dilution of 10ml distilled water. Samples were then spun in a centrifuge at 3000rpm for 3 minutes to separate any insoluble material and pipette in to ICP vials.
Major elements were analyzed via ICP-AES and Rare Earth Elements (REE) by ICP-MS at the University of Manchester. All REE were normalised against the Post-Archean Australian Shale (PAAS) (Nance and Taylor, 1976) .
Electron microprobe analysis (EMPA) was conducted on carbon coated polished sections using a Cameca SX 100 Electron Microprobe with an accelerating voltage of 15Kv, beam current of 20nA and a beam width of 1 µm. Elemental maps were used to determine the relative distributions of selected elements, then transects selected to determine wt% oxides (Mn, Fe, Mg, Ca, Sr, Na, Si). These values were converted to ppm for display purposes.
Carbon and oxygen stable isotope analysis was conducted at University of Liverpool. Samples were microdrilled using a handheld, tungsten-tipped dentist drill and placed into non-reactive plastic vessels.
Samples of calcite were reacted to completion with phosphoric acid under vacuum, at temperatures of 25 o C. The isotopic ratio of carbon and oxygen from the released and captured CO 2 were measured using a VG SIRA10 mass spectrometer. Isotope ratios were corrected for 17 O effects following the procedures of Craig (1957) . Oxygen isotope data were adjusted for isotopic fractionation associated with the calcitephosphoric acid reaction using a fractionation factor (α) of 1.01025 (Friedman & O'Neil, 1977) . Samples were run against an internal standard and all results were reproducible to +0.1%0 (2σ). All data is reported relative to the PDB standard unless otherwise stated.
Fluid inclusion analysis of calcite and dolomite cements was conducted on five unstained, doublepolished, 100µm thick sections using a cooling/freezing stage linked to an optical microscope. Aqueous, two-phase primary inclusions were identified and homogeneisation temperatures (Th) measured by heating until the gas bubble disappeared. All heating runs were repeated four times and with .
RESULTS

Porosity
The Upper Arab D Member has good porosity (mean = 16.3%, range= 2-30%) and poor permeability (mean= 4.89, range= 0.001-254mD; Figure 4 and 5A-B). The dominant pore type is intraparticle microporosity within ooids, which is typically oil stained ( Figure 6 )with subordinate primary interparticle macroporosity between ooids, rare mouldic porosity. Interparticle microporosity occurs within lime mud. Ooids occur in four forms:
1. Ooids with a well preserved concentric and radial fabric, either through the entire ooid or the outermost cortices ( Figure 7A ) with only minor or no intraparticle microporosity and often high interparticle macroporosity. Such unaltered ooids are rare, and tend to occur immediately below the USB, within Facies Association PGob, in particular within the vicinity of Well F and, to a lesser extent, Well I.
2.
Ooids with a core of dense fused microcrystalline calcite with outer, porous microcrystalline calcite cortices ( Fig 6E-F) . Microcrystalline calcite within these cortices is 1-10 microns diameter, subhedral-euhedral and occasionally rounded. At the centre of the ooid, the calcite is subhedral to anhedral, amalgamated, fused and more coarsely crystalline (~10 microns; Figure   6B and 6F). Where microporosity has been created on the margins of an ooid, the outer cortices may have been enlarged, creating a macroporous cortex ( Figure 6E ). These cortices may be partially or fully occluded by equant drusy and poikilotopic calcite that penetrates inwards from primary interparticle macropores ( Figure 6B ). Alternatively, the remnant cortices may become bent and spalled ( Figure 6E ).
3. Entirely microporous ooids, comprising 1-10 microns diameter, subhedral-euhedral microcrystalline calcite ( Figure 6D and 7B-D) 4. Oomoulds, which are rare and represent total dissolution, usually of the finest grained ooids.
Typically, oomoulds are at least partially calcite cemented ( Figure 6A ).
Both porosity and permeability increase with increasing macroporosity( Figure 5C ). The highest porosity and permeability is preserved within Facies Association PGbo, and to a lesser extent Facies Association Gol, which have the highest volumes of primary interparticle and secondary macroporosity, respectively ( Figure 5 ). Secondary macropores within Facies Associations Gol and Got are mostly biomoulds, formed by the dissolution of bivalves, usually within discrete laminae. Most biomoulds are now cemented by poikilotopic and equant, drusy calcite cement ( Figure 6C ). Primary macroporosity is absent within Facies Associations Pp and Ml and hence they typically have poor porosity and permeability ( Figure 6B ).
However, Facies Associations PGml, Pp and Ml all have well developed secondary macropore networks around stylolites and tension gashes, in the form of leached microporosity and solution-enhanced primary interparticle macropores and moulds, after anhydrite (Hollis et al., 2017) . These are not discussed further in this paper.
The highest volume of preserved macroporosity, and the highest permeability, is measured in and around Well F (Figure 4) , which is to the north-east of the present day crest of the field. Porosity and permeability tend to decrease off-crest, with complete occlusion of most primary macro-and microporosity in Well D on the flank of the field, by calcite cementation and compaction ( Figure 4 ). In general, porosity and permeability increase from low values at the USB to reach a maximum in the uppermost 10 m of most wells, before stabilizing to lower, less variable values at the MFZ ( Figure 5A-B ).
Diagenetic fabric
Ooids in this study only rarely preserve primary fabrics, principally at the top of the upper Arab D Member. They are particularly well preserved in the vicinity of well F, where concentric and radial fabrics are observed, usually surrounding a peloidal or micritised skeletal core ( Figure 7A ). More commonly, ooids are altered and hydrocarbon stained ( Figures 6-7) , although ghosts of the precursor concentric laminae may be visible. Under SEM, ooids comprise equant, euhedral to subhedral, microcrystalline calcite that is ~1 -5micron diameter ( Figure 6B and F). Where these crystals are isolated, intercrystalline micropores up to 5 microns are preserved ( Figure 6B and F). Under cathodoluminescence, ooids are non-luminescent.
Throughout most of the upper Arab D Member, high interparticle pore volumes are preserved in cemented oolitic and skeletal oolitic grainstones (Gol, Got) such that grains apparently float within the pore-occluding cements (e.g. Figure 6A and C). Where interparticle calcite cement has not been precipitated, ooids show elongated grain-grain contacts, may be compactionally deformed and often exhibit pressure dissolution seams ( Figure 7B ).
Cementation
Pore filling calcite cementation
Pore filling cements are usually abundant and dominated by non-ferroan calcite. In particular, pervasive cementation of primary interparticle and mouldic macroporosity occurs in the coarsest, skeletal-rich layers of Facies Associations Gol and Got (Figure 3 ) . Petrographically, cements are extremely homogeneous and are differentiated on the basis of their crystal fabric and distribution. The cements have four principal forms ( Figure 7 ):
1. Isopachous, elongate fibrous to columnar non ferroan calcite that partially to completely coats ooids and skeletal allochems forming thin rims that locally occlude pore throats. This cement is usually non-luminescent but can grade into dull and bright, concentrically zoned, luminescent calcite. This cement phase has a low volume and is enveloped by all the cements described below.
2. Syntaxial overgrowths, which are nucleated on echinoderm plates and partially to completely These fractures occur most commonly in the uppermost part of the Upper Arab D Member, and are narrow (mm-wide), short (<5 cm) and often en-echelon.
The petrographical similarity of the calcite cements, and the difficulty in reliably separating ooids and interparticle pore filling calcite for isotopic analysis means that isotopic fingerprinting of individual cement phases was not possible. Stable isotope analysis of whole rock oolitic grainstones measured  13 C = -1.5-2%o, with most samples tightly constrained to  13 C = 1 to 2%o and  18 O= -3.5 to -5.6%0
( Figure 8A ). This is despite matrix pore filling calcite cement, non-skeletal grain and interparticle matrix volumes varying within these samples from <10 to >60% ( Figure 8B ) 
Discussion
Micropore generation
Since intraparticle microporosity is the dominant pore type, determination of the timing of microporosity generation in ooids is critical to understanding porosity evolution in the upper Arab D Member. Compacted, and plastically deformed microporous ooids with elongate and microstylolitic grain contacts indicate that intraparticle microroporosity formed prior to compaction, whilst hydrocarbon staining of microporous ooids indicates alteration prior to oil charge. Penetration of micropores in ooids by non-ferroan, pokilotopic and equant, drusy calcite also demonstrates that microporosity formed prior to cementation of primary interparticle macroporosity by calcite. On petrographical evidence, therefore, the primary fabric of ooids must have been altered early in the burial history.
Two mechanisms can be considered to explain the alteration of the ooid cortices from their primary, radial-concentric fabric to microporous grains composed of microcrystalline calcite. Firstly, the grains could have been altered on the sea floor by infill of borings by endolithic algae by micrite, progressing to eventual destruction of the grain fabric. Although this process cannot be ruled out entirely, this does not provide an entirely satisfactory explanation for the ooid texture. Firstly, most of the ooids were deposited in a grainstone shoal, where wave action would have inhibited repeated boring, and fabric destruction. Secondly, ghosts of the original radial ooid fabric are often still visible; borings would have cut across these cortices and most likely destroyed the texture. Finally, the preferential preservation of ooid texture in some crestal wells cannot be adequately explained by this process; there is no good reason why some ooids would have remained unaltered despite deposition in the same shoal complex or in a protected lagoon, where microbial activity would have been most intense.
Alternatively, ooids could have been altered from a precursor, metastable phase to a microcrystalline calcite at some point after deposition. The Jurassic had a greenhouse climate and marked a transition from seawater that favoured aragonite and high magnesium calcite (HMC) precipitation to low magnesium calcite (LMC) seas (Hardie, 1996; Dickson, 2002) . Even though seawater was largely calcitic by the late Jurassic, aragonite and HMC could still have been preferentially precipitated where Mg/Ca were elevated since high concentrations of Mg2+ impedes calcite precipitation (e.g. Mucci and Morse, 1983) . Widespread platform-scale dolomitisation and precipitation of gypsum/anhydrite in the Arab A-C (this study and Azer and Peebles, 1998; Lindsey et al., 2007; all suggest that a hot, arid climate dominated on the Arabian Plate during deposition of the Arab Formation, whilst the abundance of ooids is also indicative of elevated seawater salinity. It is entirely feasible, therefore, that many ooids formed asaragonite.
In modern sediments, freshwater can stabilize aragonitic grains to LMC very rapidly; Dravis (1986) refers to case-hardening of ooids within the vadose zone of modern sediments in a matter of decades.
Similarly, Budd (1988) and Budd and Land (1990) showed that within Recent sediments in the Bahamas, ooids can be stabilized to LMC in the freshwater lens of ooid shoals in several hundred years. It is possible, therefore, that ooids within the upper Arab D Member were stabilized to LMC by groundwater soon after deposition. However, if the climate was arid, as suggested by the abundance of ooids and evaporite deposits in the Arab A-C, there would have been significantly less rainfall on the Arabian Plate than in the modern day Bahamas. Furthermore, aragonite transformation in modern Bahaman sediments occurs in narrow zones, within a freshwater lens that is up to a few metres thick (Budd and Land, 1990) . Consequently, it is hard to see such a process resulting in a pervasive, nearly ubiquitous and field-wide, alteration of the ooids. Finally, geochemical data is inconsistent with stabilization of ooids by meteoric water. With the exception of samples at or close to the USB (-1 to -3%0; Figure 8 ), carbon isotopes have a seawater signature. If fluid-rock ratios were low, as they might be on an arid platform, then carbon isotopic values would have been rock-buffered. In this case freshwater alteration should be reflected by a low concentration of Mg (<4 mol%, Budd, 1989; Budd and Land, 1990) and Sr. In this study, however, bulk rock concentrations within the Upper Arab D of Mg (average 4 mol %) and Sr ( up to 4092ppm) are very high and other mechanisms need to be considered, as discussed below.
Timing of pore filling calcite cementation
Isopachous, non-luminescent, grain rimming calcite predates all other calcite cements. Their morphology, distribution and non-luminescence are consistent with precipitation under oxic, moderate to high energy marine phreatic conditions. All other pore filling calcite cements have a relatively uniform petrographical appearance and geochemical composition (Figure 8-9 Figure 9D ).
The moderate to coarse crystallinity of most pore filling cements reflects slow rates of cementation, and their occurrence within oomoulds and biomoulds, after molluscs, indicates that they postdate grain dissolution and neomorphism. The preservation of high interparticle volumes by calcite cements suggests cementation prior to mechanical compaction or preservation of high interparticle volumes during burial by overpressuring. Although the overlying Arab A-C Members have a low permeability, and are sealed by the Hith Anhydrite, overpressuring is ruled out because mechanical and chemical compaction is evident within oolitic grainstone beds that are not cemented ( Figure 7A-B) . The limited, localized evidence of chemical compaction makes it highly unlikely that calcite-saturated fluids were intraformationally derived from pressure dissolution. Consequently, it is necessary to identify a source of reactive fluid capable of precipitating calcite cement that comprises over 30% of the rock volume, under apparently suboxic, burial conditions.
Redistribution of carbonate during ooid alteration
It has been argued that there is little geochemical or petrographical evidence for ooid alteration by freshwater within the upper Arab D Member, and that such a process would anyway have been unlikely in the arid conditions that dominated during and after deposition. At such an early stage in the burial history, prior to compaction and hydrocarbon emplacement, the only fluid that would have been available, therefore, would be seawater. Modern seawater is supersaturated with respect to aragonite, but dissolution can occur in the shallow subsurface as a result of microbial respiration and organic matter oxidation and bacterial sulphate reduction (Walter et al., 1993) . During the Jurassic, the Mg/Ca ratio of seawater decreased and by the late Jurassic was probably calcitic (Hardie, 1996) . Therefore, although some skeletal grains were precipitated as aragonite, marine pore waters were probably undersaturated with respect to aragonite. Whilst the preferential dissolution of aragonite and HMC will be strongly influenced by the saturation state of the fluid, Walter (1995) showed that dissolution will occur preferentially in aragonitic grains with higher microstructural complexity (i.e. smaller crystal size with more abundant primary intraparticle microporosity) than calcitic grains, since these grains have a higher reactive surface area and surface roughness. It is possible to envisage, therefore, that ooids and molluscan grains, with their complex microstructures, would be the first phases to undergo dissolution in the shallow burial realm.
The replacement of aragonite by LMC is essentially a dissolution -re-precipitation reaction, in which there is net porosity preservation, although there is growing evidence that this is a complex, multistaged process (eg. Lucia and Loucks, 2013; Lucia, 2017) . Under high fluid-rock ratios, and good matrix permeability, complete dissolution of aragonite grains may create a void; the solute will then flux away from the pore, which can remain open (i.e. form mouldic porosity) or become cemented (Bathurst, 1975; Wilkinson et al., 1984) . Under lower fluid-rock ratios, however, supersaturation with respect to LMC might be reached rapidly in the vicinity of the dissolving grain, leading to local re-precipitation of calcite and fabric preservation. The micro-crystalline LMC that replaces ooids within the upper Arab D Member suggests such a process, which may have been further facilitated by the high reactive surface area within ooids, providing a large number of sites for calcite nucleation.
The Pr/Pr* vs Ce/Ce* ratios and REE profiles of the bulk rock limestones of the Arab D Member are distinctly marine, yet flattening of the HREE profile ( Figure 10) is typical of reduced levels of oxygenation within the sediment pile (Hayley et al., 2004) . The high concentration of Mg (average ~4mol%,) and Sr (average ~700ppm) of whole rock oolitic grainstone is strongly indicatative of diagenetic modification from marine porewaters. At high fluid-rock ratios, both elements would be retained within the pore fluid since they both have a distribution coefficient of <1 (Katz, 1973; Lorens, 1981) . At low fluid-rock ratios, however, both Mg and Sr will become highly concentrated within the pore fluid. D Mg increases with temperature, and so as the concentration of Mg within the fluid increased, higher concentrations could have been incorporated into calcite. Even though D Sr decreases with increasing temperature, an increased concentration of Mg within calcite can also facilitate incorporation of Sr in the calcite lattice (Mucci and Morse, 1993) . Consequently, dissolution of aragonitic ooids at low fluid rock ratios is interpreted to have led to precipitation of calcite with a wide range of, but often high, concentrations of Mg and Sr.
If aragonite-calcite transformation took place during burial, then a temperature-controlled fractionation should be recorded in the neomorphic calcite, yet no variation in  18 O calcite is seen, even between facies associations thathavevery different volumes of calcite cement ( Figure 8A-B Neomorphosed ooids in this study typically have a dense, cemented core of microcrystalline LMC, but outer cortices are microporous, or even macroporous. Perhaps, therefore, there was initial precipitation of calcite within the centre of ooids, but towards the outer margins, diffusion moved solute away from the grain and into the interparticle pore network. Here fluids could have fluxed away from the reaction site via the primary interparticle macropore network or initiated precipitation of coarsely crystalline calcite, once fluids reached supersaturation. These cements occlude many interparticle macropores and their outer rims also penetrate open porosity within the ooid cortices and oomoulds, suggesting growth from the primary interparticle macropore into secondary intraparticle porosity within the ooid ( Figure   6A and E). Although fluid convection may have occurred within the reservoir, support for local precipitation of calcite comes from the observation that where ooids are not altered to microcrystalline LMC, pore filling calcite cements are less abundant or absent. Furthermore, cementation is more pervasive within skeletal laminae of Facies Associations Gol and Got, than within oolitic laminae. In these facies, the dissolution of precursor aragonitic skeletal grains is likely to have further increased fluid saturation leading to very localized re-precipitation in the vicinity of the leached bioclasts. As such, this earliest stage of diagenesis appears to have taken place in a closed system, with localized redistribution of carbonate cements and porosity resulting from localized, probably diffusive, fluid transport. This is consistent with observations in more recent (Miocene-Pliocene) sediments from the Great Bahama Bank, where there is no evidence for the net import of carbonate during the transformation of aragonite transformation to calcite (Westphal et al., 2000; Lucia and Loucks, 2013; Lucia, 2017) 
Onset of late burial diagenesis
The isotopic composition of the pore fluid at ~1000m burial/60 o C has been calculated as ~2%0 SMOW.
However Alpine event based on regional observations (Loosveld et al, 1996) . It has been noted that the highest porosity and permeability occurs in the least altered, least cemented oolitic grainstones in Well F, which exhibit a well-connected primary interparticle pore network. Many of the ooids within this well remain unaltered, whilst primary interparticle macropores are open, rather than having been destroyed by compaction. Well F is positioned on the palaeo-crest of the field, which is interpreted to have been tilted during the 2 nd Alpine Event in the Oligo-Miocene. It is hypothesized, therefore, that the ingress of hydrocarbon terminated calcite cementation on the crest of the field and preserved macroporosity. This is consistent with the marked decrease in porosity and permeability within flank wells (eg. Wells D and J), which are pervasively cemented (Figure 4) .
Model for the evolution of porosity in the Upper Arab D Member
In summary, a conceptual model is presented here of closed system diagenesis, which resulted in wholesale reorganization of the pore network within the Upper Arab D Member during burial. At deposition, ooids were predominantly composed of aragonite, as were some skeletal grains, particularly molluscs. Although there may have been some boring and micritisation of grains prior to burial, there is no reliable evidence that this was extensive. Rather, ooids often developed a thin, almost continuous coating of prismatic, grain rimming non-ferroan calcite. High sedimentation rates, particularly within the ooid shoal complex led to rapid burial, where the onset of organic oxidation, and then bacterial sulphate reduction increased the pH of pore fluids and initiated dissolution of aragonite within ooids and skeletal grains ( Figure 11A-B) . Disequilibrium was driven by the high solubility of aragonite, which drove porewaters towards calcite saturation. Microcrystalline calcite was precipitated within the core of ooids, forming a dense, interlocking microcrystalline calcite core, whilst a more open, microporous fabric formed on the outer cortices of ooids. Ongoing dissolution continued to precipitate fabricdestructive or weakly fabric retentive microcrystalline non ferroan calcite within ooids, with diffusion of pore fluids outwards into the primary interparticle pore network ( Figure 11C ). There was a consequential increase in calcite saturation in the interparticle pore network, leading to precipitation of coarsely crystalline, subhedral to euhedral calcite ( Figure 11D1 ). This cement occluded primary and secondary interparticle and intraparticle macropores but preserved interparticle volumes. Where cementation did not occur, compaction proceeded, reducing pore size and connectivity ( Figure 11D2 and 11E1). Cementation of interparticle macroporosity was sustained into the burial realm by the influx of hot, hydrocarbon-bearing brines, leading to pervasive cementation of the pore network ( Figure 11E2 ).
On the palaeocrest of the field, the onset of oil emplacement modified wettability and apparently terminated cementation ( Figure 11E3 ), whilst aqueous diagenesis continued to occlude porosity on the flanks of the field. Melim et al (1995) and Melim et al (2002) demonstrated that diagenetic modification of carbonate sediments during the earliest stages of burial, with marine porewaters, can produce textures that resemble those formed from freshwater. This process is often overlooked in the interpretation of ancient sediments, and this study provides an example of where it may play a fundamental role in controlling pore architecture. It may be of particular significance within carbonate sediments deposited within relatively arid settings, in a greenhouse climate, where sea level fluctuations are infrequent and rainfall low. Under these conditions, infiltration of rainwater in the vadose zone would be minor and the freshwater lens would be shallow, inhibiting widespread stabilization of aragonite.
Broader Implications
Closed system stabilization of aragonite provides a mechanism for pervasive alteration of the rock fabric through remobilization of calcium carbonate in the earliest stages of burial. In this study, the process appears to be complete within the first kilometre of burial (~60 o C). At this point, diagenetic modification became controlled by the import of fluids, in this case hydrocarbon bearing brines along fractures that terminated cementation once hydrocarbons were in place.
Consequently, although marine diagenesis is unlikely to explain how intraparticle microporosity formed in all oolitic grainstone reservoirs, it is a process that has no doubt been overlooked. For example, Sellwood et al (1989) and Sellwood and Beckett (1991) interpreted alteration of the mid-Jurassic Great
Oolite Limestone by mixing of meteoric and marine porewaters with  18 O water ~ -2%0 SMOW apparently beneath emergent surfaces. Interestingly, the isotopic ratios they measure ( 18 O carbonate = -4 to -6%0) resemble those determined in this study( 18 O carbonate = -4.6 to -5.8%0), even though the Great Oolite
Formation was deposited at higher latitudes, and would therefore have interacted with isotopically lighter rainwater, than the sub-equatorial Arab Formation. If closed system alteration of ooids had occurred from seawater, this similarity in isotopic composition could be explained. Moore and Druckman (1981) acknowledge that a model of porosity inversion by meteoric fluids is incompatible with the arid palaeoenvironment in which the Upper Jurassic (Oxfordian) Smackover Formation was deposited, as well as with their measured  18 O carbonate ~ -4%0 and  13 C carbonate ~+2 -+4%0, and other models of porosity redistribution have since been proposed, including redistribution of calcium carbonate during burial and chemical compaction (e.g. Heydari, 2000) . Again, the similarity in  18 O carbonate to the Arab Formation is strikingCantrell (2005) recognized intra-cortical porosity in ooids within the Arab Formation in Saudi Arabia and emphasized that the absence of evidence for meteoric diagenesis, consistent with the arid climate at the time of deposition. In all these cases, redistribution of porosity during burial through the alteration of grains within marine-derived porewaters is an alternative mechanism for explaining porosity distribution, particularly in successions with a mixed aragonite-calcite mineralogy.
Conclusions
1. The upper Arab D reservoir within the study area is dominated by oolitic grainstones deposited in an active oolitic shoal on the margins of an intrashelf basin 2. The ooids, and some skeletal grains, were deposited with an aragonitic mineralogy, which became metastable during the early stages of burial. Disequilibrium was established by aragonite dissolution, leading to supersaturation with respect to calcite 3. Diffusion of calcite-saturated fluids led to neomorphism of ooids to form microcrystalline grains and export of fluids to the interparticle pore network. Medium to coarsely crystalline calcite precipitated within the macropore network, inhibiting compaction 4. Where cementation was limited, sediments were compacted, particularly within the upper parts of the reservoir layer. However, early ingress of hydrocarbon in the palaeocrest of the field both terminated cementation and inhibited compaction, leading to preferential preservation of macroporosity and formation of a 'sweet-spot' within the present day reservoir. This is slightly offset from the present day crest of the field as a result of tilting in the Oligo-Miocene, prior to gas charge.
5. Towards the flanks of the field, cementation and compaction continued, drastically reducing reservoir quality. 6. Closed system reorganization of porosity within the marine diagenetic and early burial realm provides an alternative explanation to the more conventional assumption of meteoric stablisation of metastable grains, purported for many age-equivalent reservoirs. It provides a better explanation of the isotopic and trace element composition of the reservoir, and provides a mechanism for wholesale alteration of sediments that were rapidly deposited in an arid climate, where the ingress of freshwater is likely to be limited and localized. All wells show data plotted by Facies Association. Note that wells within the crest and palaeocrest of the field (e.g Wells B and F) have higher porosity and permeability than off-crest (e.g. Well I) and flank wells (e.g. Well D). Photomicrographs show the decrease in total and interparticle macroporosity from crest (Well F) to flank (Well D) as a result of cementation. In Well F, interparticle micropores are abundant (a), and ooids are only partially microporous (b). The absence of cement has led to some compaction of grains and spalling of outer cortices of ooids (arrowed). In Well I, cementation is pervasive (c) and ooid dissolution more advanced (arrowed and d, where ooid is partially cemented and replaced). In Well D, interparticle calcite cementation is pervasive and compaction is evidenced by grain-grain contacts (arrowed). The sample is cut by a calcite cemented fracture (e). (Key as for B) . Note that the abundance of micoporosity neither improves nor degrades permeability suggesting that it makes some contribution to permeability in some facies E) relationship between ooid volume and micropore volume,
showing that the volume of microporosity increases with an increase in the volume of microporous ooids; ie. alteration of ooids is the principle control on micropore volume 
